The strains in GaAs nanowires, which were grown from 1700-to 80-nm-wide trenches on the Si(001) wafer with SiO 2 masks, were investigated by cathodoluminescence. For 1700-to 500-nm-wide trenches, the in-plane tensile strain at 15 K decreases with the decreasing trench width. The strain increases abruptly when the trench width is 300 nm, and then decreases as the trench width is further decreased. The results revealed that the stress induced by the SiO 2 sidewalls dominates when the width is less than the depth of the trench. This approach provides an effective technique to measure the strain of a single nanowire and helps for the demonstration of selectively-grown GaAs with a designed strain.
Introduction
The development of a device-quality GaAs layer on Si substrates which benefits monolithic optoelectronic and high speed integrated circuits (IC) draws increasing attentions. [1] [2] [3] [4] [5] The epitaxial growth encounters challenges from not only structural defects, [6] [7] [8] but also the residual strain. [9] [10] [11] A lattice mismatch of 4.2% between GaAs and Si at growth temperature is relaxed by dislocations at the interface. 12) On the other hand the subsequent cooling to room temperature induces thermal strain owing to the large difference of the thermal expansion coefficient. 13) The thermal strain shifts the bandgap energy and splits the near-band-edge emission. 14, 15) In order to suppress the defects and to control the residual strain in GaAs, several approaches have been applied, including graded SiGe buffer layer, [16] [17] [18] bent and undercut substrates, 19, 20) and selective aspect ratio trapping. [21] [22] [23] Although the defect-free GaAs nanowires grown from trenches with widths of 80 to 100 nm were achieved, 22, 23) the influence of the trench on strains in GaAs nanowires is not completely understood yet. In this study, cathololuminescence (CL) was used to measure the strain of a single GaAs nanowire and discover the origin of the strain. The dependence of the strain on the aspect ratio, defined as the depth dividing by the width, of the trench was discussed, which can help for the future fabrication of GaAs nanowire with designed strain.
Experimental Methods
The specimen preparation began with a 250-nm-thick SiO 2 mask layer that was deposited on a Si(001) wafer at room temperature. Trenches along the [1 " 10] direction with widths range between 80 and 1700 nm were fabricated using 193 nm immersion lithography and reactive ion etching. The wafer was not immersed in HF solution to reserve the SiO 2 trenches of about 250 nm depth before the growth of GaAs. The GaAs nanowires were deposited in these trenches using a commercial metalorganic chemical vapor deposition (MOCVD) system at 70 Torr. After a thermal annealing at 700 C to remove residual native oxide and contaminations on Si surface, a low-temperature buffer layer at 430 C followed by a high-temperature top layer at 650 C were grown. Figure 1(a) illustrates the schematic structure of GaAs nanowires embedded in trench and the cross-sectional scanning electron microscopy (SEM) image of a 300-nmwide trench. The optical investigations were carried out by the temperature-dependent CL measurement using a JEOL JSM-7001F microscope which was operated at 16 keV and 15 nA. The CL signals were analyzed by a Horiba JobinYvon iHR550 0.5 m monochromator and detected using an LN 2 -cooled charge-coupled device (CCD) with an energy resolution of 0.3 meV.
Results and Discussion
The optical properties of GaAs nanowires as a function of trench width were investigated by CL measurements at low temperature of 15 K. The electron beam was focused at the center of the nanowires and the CL spectra were shown in Figs. 2(a) to 2(g). At 15 K, the CL spectrum of GaAs grown from the 1700-nm-wide trench reveals two emission peaks at 1.508 and 1.497 eV, as shown in Fig. 2(a) . The peak positions shift to lower energy, in comparison to that of the strain-free GaAs of 1.517 eV, 24) indicating GaAs is under an in-plane tensile strain mainly from the bottom since the trench is 1700 nm wide and only 250 nm deep. Figure 2 (h) shows the schematic band diagram near the À point of the strained GaAs. 25, 26) The in-plane tensile strain not only reduces the band gap energy, but also induces the splitting of heavy-hole (solid) and light-hole (dot) bands. The transition energies from the conduction band to the heavy-and lighthole bands are expressed as E hh and E lh , respectively, and labeled in the CL spectra. E hh is larger than E lh due to the tensile strain. As the trench width decreases from 1700 to 1000 and 500 nm, as shown respectively in Figs. 2(b) and 2(c), the heavy-and light-hole emission energies shift to higher energies, which indicate a reduction of in-plane tensile strain for the narrower nanowires. However, if the trench width was further reduced, the CL spectrum of the 300-nm-wide nanowire reveals a larger red-shift than 500-nm-wide nanowire. Two Gaussian-shaped functions were used to fit the spectrum of Fig. 2(d) and obtain peak positions at 1.511 and 1.499 eV for E hh and E lh , respectively. The origin of the abrupt increase of the in-plane tensile strain in the 300-nm-wide trench is induced by the large vertical compressive strain exerted by the SiO 2 sidewalls because the center of the GaAs nanowire is about 150 nm from the sidewalls and 250 nm from the bottom. In addition, as the trench width is further reduced from 200 [ Fig. 2(e) ] to 80 nm [ Fig. 2(g) ], an increase of E hh and E lh was observed again, which implies the reduction of the inplane tensile strain.
In order to calculate the in-plane tensile strain, the strain induced heavy-light hole splitting is analyzed as follows. The strain includes an isotropic component, " i ¼ 2" k þ " ? , and an anisotropic one, " a ¼ " k À " ? . 27, 28) The parameter " k ¼ ½ða Si À a GaAs Þ=a Si represents the in-plane strain between GaAs and Si, where a Si and a GaAs are the lattice constant of Si and GaAs. The other parameter " ? represents the vertical strain along the growth direction of [001] axis. The value is positive (negative) for tensile (compressive) strain. The isotropic tensile (compressive) component closes (open) the band gap, as shown in Fig. 2(h) . Whereas, the anisotropic component lifts the degeneracy of the heavy and light hole band. The transition energy between the bottom of conduction band and the heavy-hole and light-hole band edge of the strained GaAs is expressed as 28) 
where E 0 represents the strain-free transition, while a H and a S represents the hydrostatic and shear component of the deformation potential. The values of a H and a S for GaAs are À8:93 and À1:76 eV, respectively. 28) According to eqs. (1) and (2) and the definition of " i and " a , the in-plane strains " k at 15 K as a function of trench width were calculated and plotted in Fig. 2(i) . For the 1700-nm-wide GaAs nanowire, the in-plane tensile strain of " k ¼ 0:162% can be calculated from the respective average peak energy and splitting of 1.502 eV and 11 meV. As the trench width decreases from 1700 to 500 nm, the in-plane tensile strain decreases to 0.080%. On the other hand, the vertical component " ? increases from À0:150 to À0:075%, as the trench width decreases from 1700 to 500 nm. In this study, the thickness dependent strain evolution was not discussed since the electron beam was focused at the surface of nanowires. The tensile strain in the growth plane results a compressive strain along [001] axis. The ratio between " ? and " k is about À0:92 AE 0:2, which is close to the relation of biaxial strain expressed by " ? =" k ¼ Àð2C 12 =C 11 Þ, where C 11 and C 12 is the elastic compliance of GaAs with the value of 1:190 Â 10 12 and 0:538 Â 10 12 dynÁcm À2 , respectively. 28) In order to understand the variation of the in-plane tensile strain with the trench width, the temperature dependent CL measurements were shown in Fig. 3(a) for the 1700-and 500-nm-wide GaAs nanowires. As temperature increases the heavy-and light-hole emission peaks exhibit a red shift, while the splitting decreases until they were unable to be distinguished at 225 K. By using eqs. (1) and (2), the inplane strains as a function of temperature were calculated, as shown in Fig. 3(b) . A linear decrease with the increasing temperature is observed. For GaAs grown from a 1700-nm- wide trench, it exhibits an in-plane tensile strain of 0.126% at 100 K and 0.100% at 225 K. By using the linear expansion coefficient ¼ 5:73 Â 10 À6 and 2:26 Â 10 À6 K À1 for GaAs and Si, 29) respectively, the calculated temperature dependent in-plane strains are shown by the solid lines of Fig. 3(b) . The extrapolated strain at the growth temperature of 650 C is À0:150%, indicating a compressive strain in GaAs. The inplane compressive strain at the growth temperature is attributed to the larger lattice of GaAs than that of Si, which results in a compression in the growth plane and a tension along the growth direction.
The dependence strain on the trench width and the influence of surrounding SiO 2 sidewalls are discussed as follows. First, the in-plane compressive strain of the 1700-nm-wide trench at 650 C is much smaller than the ideal lattice-mismatch of À4:3%. It implies that large part of the strain is released by the formation of structural defects such as threading dislocations. 12) For the 500-nm-wide nanowire, a larger in-plane strain of À0:231% at the growth temperature was observed, as shown in Fig. 4(a) , which implies less density of threading dislocation generated in the narrower nanowire. The reduction of the dislocations was confirmed by the increased room temperature emission efficiency, as shown in Fig. 4(b) . The emission efficiency is defined as the ratio of the CL intensity to the volume of emission as we did in ref. 22 . According to the experimental results, Figs. 5(a) and 5(b) schematically show the strains at the growth temperature and 15 K for GaAs nanowires embedded in the 1700-and 500-nm-wide trenches. The smaller strain relaxation of the 500 nm-wide nanowire implies a lower density of the threading dislocation.
As the trench width decreases from 500 to 300 nm, the in-plane compressive strain at the growth temperature decreases from À0:231 to À0:142%. The compensation of in-plane compression is attributed to an additional in-plane expansion, which is induced by a compression at the sidewall along [001] axis as shown in Fig. 5(c) . Because the lattice constant of SiO 2 along [001] axis is much smaller than that of GaAs, 30) the overgrown GaAs is under a vertical contraction at 650 C. When the specimen cools down to 15 K, the small thermal coefficient of SiO 2 , 5:00 Â 10 31) causes an extra compressive strain along the vertical direction, and results in a larger in-plane tension as shown in Fig. 2(i) . As the trench width was further decreased from 300 to 200, 160 and 80 nm, a slightly increase of the average peak position and a reduction of splitting were observed. In comparison to the 300-nm-wide nanowire, the decrease of the trench width leads to an increasing in-plane compressive strain during growth. It is due to the smaller strain relaxation, improved crystal quality of less defect density, which results from the success of selective growth. This is corroborated by the significantly enhanced CL emission efficiency as shown in Fig. 4(b) and transmission electron microscopy images as reported previously. 22) The highest value of emission efficiency occurs at the 80-nm-wide trench. It implies that the lowest density of defects. In brief, the highly spatial-resolved CL measurement provides an effective technique to derive the strain of a single nanowire and avoids the expansive and destructive TEM measurement. It helps for the development of GaAs monolithic devices with designed strain in the future.
Conclusions
The strain in GaAs nanowires, which were selectively grown from trenches on the Si(001) wafer with SiO 2 masks, is investigated in this study. The CL analyses estimate the strains at the growth temperature and investigate the dependence on the trench width. The in-plane compressive strain increases as the trench width decreases from 1700 to 500 nm owing to the lower density of defect. When the trench width (300 nm) is comparable to the depth (250 nm), the vertical contraction induced by SiO 2 sidewalls becomes dominant. This approach provides the feasibility of growing GaAs nanowires on patterned Si wafer with the designed strain. 
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